Directed energy deposition (DED) has been employed to produce AISI 316L samples. Microstructure and primary cellular arm spacing (PCAS) are studied analysing the relationship with the cooling rate at the different heights of DED processed 316L stainless steel sample. It is found that, by increasing the deposition distance from the substrate, the PCAS of the sample increases from 2.9 to 4.5 μm, as a consequence of the decreased cooling rate and thermal gradient. On the other hand, in the last deposited layers, the PCAS of the sample decreases from 4.5 to 3.3 μm, because of the changes in cooling mechanisms. The phase composition of samples after deposition is revealed and compared with the predictions based on the Schaeffler and Pseudo-binary diagrams. It is revealed that the final microstructure is characterized by austenitic dendrites together with some residual delta ferrite located at dendritic arms location. Lastly, the effect of using fresh or recycled powders, on the microstructure and mechanical properties of DED 316L stainless steel parts is investigated. It is found that the samples fabricated using recycled powders have rather similar tensile strength levels, but much lower elongation than those produced using fresh powder due to a lower inclusions content and of their average lower size. The nature of these inclusions is discussed as well as the reason for their increase both in numbers and size.
Introduction
Laser Additive Manufacturing (LAM) includes a set of processes in which three-dimensional metallic components can be produced in a layerwise fashion using the heating provided by a laser source [1] . Among LAM techniques, Directed Energy Deposition (DED) is one of the primary LAM technologies in the production of complex shaped parts with a high strength-to-weight ratio and minimum material wastage [2, 3] . For this reason, in recent years, DED has been widely employed in the aerospace, petrochemical, automotive and power generation sectors [4, 5] . In the DED process, the powder is blown atop the surface of a building substrate by single or multiple nozzles within an inert atmosphere. The energy provided by a high powered laser beam allows immediately the melting of powder, which is injected into the molten pool. Starting with a CAD solid model and using a sliced. STL file format, deposited parts are formed layer-upon-layer from bottom to top [6] .
Fully built parts can be produced by using the optimum process parameters such as laser power, scanning speed, laser focus, hatching distance and z-step parameter [7] . The main interactions among the used process parameters lead to a complicated thermal history, which affects the incident energy and the melt pool geometry. As a consequence of this complex thermal history, various microstructures and mechanical properties can be achieved. For instance, high local energy and high scanning speed result in a large thermal gradient and high cooling rates that generate complicated and strong hydrodynamic fluid flows. Consequently, these phenomena have a marked influence on crystal growth and orientation, material spattering and microstructural defects, such as pores and partially melted particles [8] .
Austenitic stainless steels have been extensively processed by DED during the past two decades [9] [10] [11] . Actually, owing to the combination of relatively good mechanical properties and excellent corrosion resistance, AISI 316L has been widely used and studied [11, 12] . First of all, this alloy presents good weldability and, as a consequence, processability characteristics mainly thanks to its low carbon content (< 0.03 wt%). On the other hand, since the machining of austenitic steels is rather expensive due to its adhesive behaviour, the DED technique is highly appealing since the production of complex steel components can be obtained in a single fabrication step, thus limiting the need for costly machining steps. Moreover, such a technique allows https://doi.org/10.1016/j.msea.2019.138360 Received 18 July 2019; Received in revised form 29 August 2019; Accepted 30 August 2019 the achievement of near net shaped structures with limited overstock, thus enabling for expensive metals savings, such as in the case of Ni, Cr, and Mo. Furthermore, the insertion of joints or welds within the part design can be limited or completely avoided.
A considerable number of works from open literature has been focused on mechanical properties of AISI 316L parts produced by DED [13] [14] [15] [16] . Regarding this, earlier investigators showed that the time interval between the deposition of consecutive layers has a significant effect on tensile behaviour [17] . In fact, they demonstrated that with higher time interval, the cooling rate increases and, accordingly, materials with finer microstructure, higher strength and lower elongation to failure are obtained. Furthermore, Ziętala et al. produced 316L samples by DED with anisotropic mechanical properties [16] . The lowest values of yield and ultimate tensile strengths (YS and UTS, respectively) were recorded in a perpendicular direction to the deposited layers, probably for the numerous processing pores at the interlayer boundaries. Other researchers analysed the influence of deposition strategies on mechanical properties of DED-316L specimens [14, 18] . They found that tensile test samples prepared according to the weaving scanning path exhibit higher tensile properties [18] . Moreover, Ma et al. correlated the size of primary cellular arm spacing (PCAS) with YS, UTS and microhardness [2] . According to their study, by applying higher energy density, coarser PCASs are generated and, as a consequence, lower mechanical properties are obtained. Lately, Wang et al. observing the influences of a pulse laser on the characteristics of DED parts, stated that higher strengthened part was realized using low inputted energy as a consequence of a high cooling rate and very fine microstructure [19] . Nevertheless, neither of the referred studies considered powder recycling and its effect on the microstructure and mechanical properties of 316L DED samples. To date, this aspect remains unstudied and, from an industrial point of view, there would be an urgent need to explore the hypothesis of recycling powder to minimize material wastage. Hence, this study is aimed at better understanding the effect of the starting powder, i.e. as-received (fresh) or recycled, on the microstructure and mechanical behaviour of DED samples. Furthermore, a correlation between the deposition height, PCAS size and cooling rate and phase composition of specimens are investigated in detail.
Materials and methods

Materials
In this research, AISI 316L pre-alloyed, gas atomized powder with a particle size in the range of 50-150 μm was used (d 10 = 63.3 μm, d 50 = 85.4 μm, d 90 = 135.2 μm). The chemical composition of as-received 316L powder, reported in Table 1 , is in accordance with AISI 316L powder used in the previous works [12, 20, 21] . In this work, asreceived powder and recycled powder, i.e. un-melted powder particles recovered by previous DED trials, were used as starting material. Fig. 1 (a and b) shows the morphology of the fresh and recycled AISI 316L powder. According to Fig. 1 , both powders consist of mostly spherical particles. Roughly 50% of such spherical particles exhibit smooth surface, whereas the rest exhibit the satellites, that are typical defects of gas atomized powders. Further to spherical particles, few irregular elongated particles are present in the batch and, although this occurs in few cases, sometimes satellites are very pronounced. In addition to such common features, recycled AISI 316 powder ( Fig. 1 (b) ) shows the presence of splats (melted and irregularly re-solidified material adhering on other particles) and surface oxides (yellow arrows). Furthermore, cross-section analysis of both powders revealed that recycling of powder has no influence on the porosity, inclusion content and microstructure of powders (supplementary material 1). The Oxygen content of starting and recycled powders was analysed using the inert gas fusion method by a LECO ONH836 Oxygen/Nitrogen/ Hydrogen elemental analyser. Carbon and sulfur levels were measured by infrared absorption carbon-sulfur analyzer (LECO CS844).
Experimental procedure
The production of rectangular 316L samples with a dimension of 20 × 20 × 10 mm was performed using the PRIMA prototyped DED system. A 3-axis CNC unit was used to control the movement of the X-Y deposition table and the Z axis. The machine is equipped with a Ytterbium laser generator (YLS 3000, IPG Laser) with power output between 0 and 3 kW. A commercial powder feeder was used to transfer powder to the deposition head, with four coaxial multi-nozzles (4-way) ( Fig. 2) . Nitrogen with 99.99% purity was used as the carrier gas. All the experiments were performed under protective shielding gas (N 2 ) with 99.99% purity. Austenitic stainless steel plates with 150 × 150 × 6 mm size were used as a substrate material for deposition. In order to control the contamination level during the deposition, every plate was cleaned and degreased with acetone before the process.
Fully dense 316L specimens were produced by using the optimized process parameters that were defined in previous work from the same authors [20] . A standard alternating X/Y raster scanning strategy was used for the deposition of specimens.
Microstructural and mechanical characterization
After the deposition, specimens for microstructural analysis, which were rectangular bars of 10 × 20 × 30 mm were removed from the building substrate and polished by standard metallographic technique to obtain a mirror-like surface. Then, polished surfaces were etched with a solution of 15 mL HCl +10 mL HNO 3 + 1 mL acetic acid. Etchant has been applied by immersion for 9 s. Microstructural observations were carried out on etched cross-sections using the optical microscope LEICA DMI 5000 M and the Merlin Zeiss Supra TM 40 field emission microscope (FESEM) equipped with an EDS analysis system. FESEM micrographs were acquired at different locations along the zaxis of deposition starting from the surface/substrate interface, i.e. at 1, 8, 14 and 18 mm from the building platform. Hence, to determine the cooling rate values, the PCAS parameter was measured at each location according to the method of the triangle proposed by Ma et al. [2] . As for the triangle method, three central points of any three adjacent cellular dendrites form a triangle. The average PCAS of the three cellulars is the average of three lengths of three sides of cellular dendrites. Each calculated PCAS value is obtained by averaging 40 measurements, and the average PCAS of the sample is the mean of all the measurements. Indeed, at each specific distance from the substrate (i.e. 2, 8, 14, 18 mm from the substrate) four images were acquired from the left to right side (along the x/y direction), and then on each image 10 measurements were implemented to include all the different PCAS sizes in the calculations.
The phase composition of specimens in the building direction, was analysed by X-ray diffraction (XRD) by using an X-Pert Philips diffractometer (Cu Kα) in a Bragg Brentano configuration in a 2θ from 30 to 100°(Operated at 40 kV and 40 mA with a step size 0.013 and 35 s per step). Moreover, the quantity of residual δ-ferrite is evaluated via image analysis method.
Tensile test samples were machined from 12 × 12 × 93 mm as-built bars obtained using both fresh and recycled powders in order to evaluate the effect of the starting raw material on mechanical properties. Two tensile samples perpendicular to the building direction, having dimensions complying with ASTM-E8 and 4 mm thickness, were Table 1 The nominal chemical composition of AISI 316L stainless steel powder. obtained from each bar (see Fig. 3 ). Four tensile measurements were performed through a Zwick Z100 testing system using 8 × 10 −3 s −1 as strain rate. Finally, a detailed investigation of fractured surfaces was carried out by means of FESEM. Moreover, the dynamic Young modulus value was evaluated by the impulse excitation technique by an IMCE RFDA basic instrument on 50 × 20 × 4 mm samples machined from 54 × 24 × 12 mm bars. Five measurements on each sample were carried out.
Results and discussion
Microstructure
Generally, in the DED process, the thermal history during part deposition plays a key role in the achievement of its specific microstructural features, like morphology and grain size. The resulting microstructure is mainly determined by the high heating/cooling rates, by marked temperature gradients, and by bulk temperature increments. Notwithstanding this, the prediction of the microstructural characteristics of a DED sample on the base of the many process variables/ parameters involved is still an important challenge. Fundamentally, a microstructure is determined by a combination of factors like the temperature gradient (G), the travel speed of the solid/liquid interface (R), the undercooling and the alloy composition. In particular, the solidification morphology parameter (G/R) and the cooling rate levels (G × R) define the solidification mode and therefore, the microstructure morphology and its inherent dimensions [22, 23] .
Despite some local differences along the sample, the rapid cooling rate in DED process, which could reach 10 3 -10 4 K/s, contributes significantly to the refinement of the microstructure thus giving positive results in terms of mechanical properties.
In particular, the local variations in the G and R levels during deposition generate either columnar or equiaxed microstructures in stainless steels fabricated by DED. Fig. 4 shows optical microscope images of the representative microstructures of the as-built AISI 316L stainless steel samples produced by using the fresh powder. A dendritic structure, free of macro defects is revealed, and the transition between the layers is easily detectable. In the cross-section of these samples, the borders of the following layers are clearly distinguishable. Since the building strategy consists of 0-90°alternated deposited layers, on each layer two different types of interface are present ( Fig. 4(a) ). Actually, on one layer curved borders of the melt pool are visible. The Gaussian distribution of laser energy induces this typical additive manufacturing microstructural feature. On the following deposited layer, flat borders are present. In this layer the melt pool is observed laterally. These different features of the laser tracks are generated by the alternated x/y raster laser scanning path.
The generation of a heat affected zone and melt pool during DED deposition, as well as the complex thermal regime induced by such process, is described elsewhere [24, 25] . Solid conduction heat transfer mode dominates across the heat affected zone at melt pool border, whereas convective heat transfer mode dominates in the central zone of the melt pool, where liquid metal solidifies slightly later. Finally, a complex mix convective-conductive-radiating heat transfer occurs at the edges of the laser track, where the lateral borders of the melt pool are exposed to the operating environment. The observation of the microstructure within the first layer and the interface of deposited area/ substrate ( Fig. 4(b) ) provides information on temperature gradients occurred within the melt pool itself during deposition. Along directions orthogonal to the curved melt pool borders temperature gradients are intense and clearly oriented. This results in a marked directional growth of the dendrites (i.e. mushy zone) from the melt pool borders and converging towards the centre of the melt pool. On the contrary, at such location, the heat transfer is not preferentially oriented and equiaxed dendrites more likely form.
As far as the whole section of the deposited component is concerned, the columnar structure growing in the direction the maximum thermal gradient dominated in the middle height of the sample (Fig. 4  (c) ), whereas in last deposited layer the cellular structure dominates ( Fig. 4(d) ). This is a consequence of the complex heat transfer occurring during the DED. Indeed, the microstructure of the first deposited layers (that entered in direct contact with the substrate) completely consists of an equiaxed microstructure, formed as a consequence of the homogeneous cooling rate occurring in these areas. As a matter of fact, the uniformly heated substrate acts as a heat sink and provides a uniform high cooling rate (G × R) that results in the formation of the equiaxed microstructure. Within the layers deposited later on this first basement of the sample, the role of the substrate becomes less effective since the conduction heat flow takes place through the previously deposited layer. These variations during sample building imply high G/R values with the consequent formation of the columnar microstructure.
In order to estimate the cooling rate occurred at different distances from the substrate and its total average value in both specimens, PCAS parameter was measured at four different distances by the method of the triangle. As mentioned before, at each specific distance from the substrate four images were acquired from the left to right side, and then on each image 10 measurements were implemented to include all the different PCAS sizes in the calculations. Therefore, through the consideration of various PCAS at each distance which is as result of different cooling rates from the edge to the centre of sample, the average cooling rate is calculated and reported for each specific distance from the substrate. Fig. 5(a and b) illustrates the SEM micrographs of DED AISI 316L samples fabricated with the fresh powder at various distances from the substrates. PCAS values of this sample as a function of the distance from the substrate are reported in Fig. 5(c) . It is possible to note that by increasing the distance from the substrate from 2 to 14 mm, the PCAS values monotonously increase from 2.8 to 4.6 μm. Afterwards, close to the last layers, the level of PCAS suddenly drops to 3.3 μm.
According to literature, the major affecting factor on PCAS is the cooling rate during solidification [26, 27] , and the following equation is the most significant relationship between these two parameters:
Where λ 1 is PCAS and T˙is the cooling rate. To date, several studies have successfully used this equation to explain the relationship between the PCAS and the cooling rate for various austenitic stainless steels [2, 28] . Thus, according to the aforementioned equation, the cooling rate at different distances from the substrate was calculated and plotted as a function of the distance from the substrate in Fig. 5(c) . As it can be seen in this graph, by increasing the distance from the substrate the cooling rate decreases from 2.2 × 10 4 to 6 × 10 3 K/s and finally in the last layers it increases again to 1.4 × 10 4 K/s. These last deposited layers remain exposed to the operating environment in the absence of further deposited layer and can dissipate heat through the increased radiative surface (i.e. the top of the sample). This explains the anomalous increase of cooling rate in these layers and, consequently, the decreased PCAS recorded value with respect to the underlying layers. According to the estimated cooling rates experienced by the different sections located at increasing distance from the substrate-sample interface, the average calculated cooling rate for all sample is 1.5 × 10 4 K/s and this value is in line with other literature works [2, 29, 30] .
According to the above analysis, although with some local differences, the cooling rates applied from the deposition temperature to room temperature in the DED 316L are high. This key processing parameter drives the development of the microstructure of the samples in the as-built state. In a standard fast cooled austenitic stainless steel, depending on its chemical composition, two different microstructural constituents are obtained: austenite (γ) and, the so-called, δ-ferrite [31] . Since in DED process the cooling rate is always higher than those considered in traditionally fabricated steels and therefore the solidification is out of equilibrium condition, in addition to the conventional Schaeffler diagram ( Fig. 6(a) ) another diagram, based on Schaeffler and WRC-1992 predictive graphs is employed. This predictive phase diagram is named 'Pseudo-binary predictive' phase diagram ( Fig. 6(b) ) and applies only to austenitic stainless steels with a ferrite content between 0 to 100% [32] . It is worthwhile to note that the definitions of Cr-and Ni-equivalents are slightly different according to the standard Schaeffler diagram and to the WRC-1992 predictive methodology. In general, in 300 series of austenitic stainless steels the expected δ-ferrite content can be evaluated from the standard Schaeffler calculated equivalent contents of Cr and Ni (formulas are reported in x-and y-axis in Fig. 6(a) ). This calculation was preliminarily applied to the AISI 316L powders ( Table 2 ) in order to verify the theoretical gross content of δferrite (red dot in Fig. 6(a) ). Once the theoretical gross content of δferrite was assessed to be between 5 and 10%, the WRC-1992 modified Cr-and Ni-equivalents formulas (formulas are reported in x-and y-axis in Fig. 6(a) ) can be applied in order to locate our specific steel in the pseudo-binary phase diagram [33] . In the current work, in order to theoretically locate the current stainless steel with reference for to exist, the values of Cr eq and Ni eq are calculated according to equations by using the chemical composition of the starting powders ( Table 2) .
According to the WRC-1992 definitions of Cr-and Ni-equivalents the Cr eq./ Ni eq. ratio was calculated to be 1.69. According to the pseudobinary phase diagram, this value locates the 316L studied in the current work within the FA region, i.e. that of austenite + lathy ferrite (Fig. 7(a  and b) ). The ultimate formation of such microstructure can be explained as follows. During solidification, the primary δ-ferrite (δ p ) solidifies in the fusion zone. Within the L+ δ field, the residual liquid remains enriched in γ-stabilizing elements, especially Ni and C, and thus solidifies in the γ structure. According to the WRC-1992 theory, the final microstructure for this specific Cr eq./ Ni eq. ratio would be austenite + skeletal ferrite or austenite + lathy ferrite when moderate or fast cooling occur, respectively [31] . Independently by the local cooling rate occurring, a definite fraction of primary δ-ferrite is retained in the microstructure after cooling. When one tries to apply these theoretical assumptions to the microstructure features provided by the DED process of AISI 316L one has to consider that reference Cr eq./ Ni eq. ratios in the Pseudo-binary phase diagram were determined under conditions of near equilibrium that are far away from those of any additive process. Actually, in this case, it is worthwhile to consider the role both of fast directional solidification [34] and of re-heating occurring in the HAZ [35] due to the further layer depositions. Both these aspects promote intense partitioning of alloying elements, which locally generate microsegregation of γand δstabilizers. These effects lead to local variations of the Cr eq./ Ni eq. ratio, thus making the exact prevision of the different microstructural features, is very difficult. The partitioning coefficients of the different alloying elements in these conditions are rather difficult to be accurately determined, however there is a general agreement in the literature [34] [35] [36] that in AISI 316L welds or laser surface treated AISI 316L, the last fraction of liquid that solidifies enriches in δ-stabilizers, especially Mo, Si and Cr. According to this, the interdendritic regions can be expected to represent sites for preferential δ-ferrite formation.
Actually, FESEM micrographs/EDS analysis ( Fig. 7(a and b) ) of the samples fabricated for this study, confirmed the formation of a duplex microstructure during DED of AISI 316L samples. In particular, Fig. 7(c)  and (d) , showing the location and related results of EDS line analysis across an interdendritic arm, confirms the enrichment in δ-stabilizer elements, especially Mo and Cr, at these sites. As discussed earlier, this result demonstrates that at high cooling rates, as those involved in DED process, the solidifying austenite consumes austenite-promoting elements like nickel, carbon, and nitrogen and accordingly, enriches the residual liquid fractions in ferrite stabilizers, thus leading to the possibility to form ferrite at some interdendritic regions. Furthermore, the presence of a small peak at the angle of 44.7°in the XRD pattern of these sample suggest the presence of residual δ-ferrite in the final microstructure ( Fig. 8) .
Apart from the presence of residual δ-ferrite, it is also found that there is a correlation between the percentage of residual δ-ferrite and cooling rate at different distance from the substrate. In fact, it is revealed that by increasing the distance from the substrate up to 14 mm, as a consequence of decreasing the cooling rate and increasing the number of re-heating, the residual δ-ferrite content decreases from 4.8% to 1.3%. Thereafter, at the last layers due to the increment of cooling rate the percentage of residual δ-ferrite increases markedly up to 4.2%. The overall microstructure features described above on samples manufactured starting from fresh powder were also found in samples manufactured starting from recycled powders. However, as it can be seen in Fig. 9 , the sample produced by recycled powder additionally contains some spherical inclusions (2.4%). According to the EDS line analysis performed on the polished surface of samples produced by recycled powders, the composition of the revealed inclusions is a mix of Mn/Si-oxides. These mixed oxide structures are typical re-oxidation product found during ladle practice of highly containing Mn/Si steels [37] [38] [39] . Due to the affinity of such elements to oxygen, the formation of re-oxidation product is hardly avoidable even in the secondary steelmaking process, which is nowadays very robust manufacturing process. Therefore, it is not surprising that, although shield gas flow was used to reduce the amount of oxygen entering in contact with the liquid steel pool, such non-metallic inclusions were formed during DED deposition. Since no thermomechanical processing is applied in this case (contrary to traditional steelmaking) these non-metallic particles maintain a spherical shape, which is less detrimental to mechanical properties. Nevertheless, the frequency and average dimension of these inclusions (≈12 μm) can markedly influence the ultimate 316L properties, especially the ductility.
Mechanical properties
To evaluate the effect of the type of powders on the mechanical performance of AISI 316L alloy, tensile tests were performed on samples produced using fresh and recycled powders ( Fig. 10) .
As can be seen in Fig. 10 , AISI 316L samples produced using fresh and recycled powders exhibit many differences in the stress-strain curve shape. Although the work hardening behaviour is practically the same for all samples, the most evident difference is that related to elongation to fracture, that for samples produced with fresh powders is more than 50% higher than that of samples produced with recycled ones. Additionally, all samples produced with recycled powders exhibit a sudden drop in the stress-strain curve just after reaching the ultimate tensile strength, with limited strain accumulated within the region of the geometrical instability, i.e. when transversal strain occurs. Both these aspects can be addressed to the presence of coarse Mn/Si oxides in these samples, as discussed in the previous section. The frequent presence of isolated coarse particles (i.e. 7-15 μm) and, even more, of clusters of these particles generate embrittlement effect that drastically reduces the maximum capacity of plastically deform of the AISI 316L matrix. On the other hand, these oxide particles would provide a sort of dispersion strengthening effect, with a consequent improvement in mechanical levels [40, 41] . Nevertheless, in the current study, such effect was observed only in a few samples, actually exhibiting markedly higher YS and UTS levels. The scattering of mechanical levels in samples fabricated with recycled powders can be ascribed to the fact that, although oxide particles are always introduced in the AISI 316L matrix, their dispersion is definitively not uniform as a consequence of a not controlled dispersion strengthening process. The same reason can explain the fact that only one of these samples has slightly lower YS a UTS and higher elongation to fracture (ca. 5% in excess) with respect to other similar samples. A certain scattering in the elongation to fracture was also recorded for samples fabricated with fresh powders (data has scattering band of ca. 8%). As discussed earlier, although the Mn/Si oxides average size is much lower (i.e. sub-micrometric), also samples fabricated with fresh powders exhibit a dispersion of these oxides within the matrix. This can result in a fluctuation of the elongation to fracture data because of different dispersion efficiency of such oxides. The comparison of the fracture surfaces built with fresh and recycled powders (Fig. 11) revealed the presence of large oxide particles in samples fabricated with recycled powders (brittle phases indicated by the red arrows in Fig. 11(b) ). The size and distribution of these embrittling phases strongly affect the mechanical behaviour of these samples.
Apart from the influence of oxides, the matrix-fracture surfaces in all tensile samples (both fabricated with fresh and recycled powders, Fig. 11(a) and (b)) are typical ductile fracture with fine dimples structure. The dimples extension observed on the fracture surfaces of all the specimens was limited to the size of the cellular dendritic structure obtained by DED fabrication. Actually, it is found that dimples size is comparable to the fine PCAS (e.g. see Fig. 6 ). This means that plastic deformation is somehow limited within the borders of cellular dendritic structure. Whereas, in samples fabricated with recycled powders, bigger dimples are present around coarse oxides, which appear fractured as a consequence of the fracture propagation. According to EDS map analysis carried out on the fracture surface of samples produced by recycled powders (Fig. 12) , the composition of the revealed inclusions is compatible with that of the inclusions in the starting microstructure. This confirms that dispersed oxides partially contribute to strengthening the DED AISI 316L matrix, but especially to limit the maximum elongation achievable.
The mechanical levels of AISI 316L produced in this work via DED using fresh powders are comparable (see Table 3 ) with literature data for DED and selective laser melting (SLM). The higher mechanical strength of AM samples in comparison with samples produced by the conventional methods, such as casting and forging, is attributed to the finer microstructure formed as a consequence of fast cooling during these manufacturing routes [42] . Moreover, the presence of δ-ferrite phase dispersed along interdendritic regions of AISI 316L after rapid solidification processes is supposed to strengthen the soft austenitic matrix and consequently to reduce its ductility [43] . However, according to the fracture surface of samples, the failure of specimens started from the interface of matrix and inclusions, and thus it can be concluded that the presence of oxides in these samples plays the most detrimental role in the ductility of AISI 316L produced by DED.
Conclusions
In this work, a comprehensive study on the cooling rate, primary cellular arm spacing, microstructure and mechanical properties of AISI 316L stainless steel produced via DED is reported. The effect of powder recycling on the microstructure and mechanical properties of AISI 316L specimens is also addressed in order to compare the properties achieved using recycled powders and those achieved using fresh powders, as well as with literature data. The main conclusions can be drawn as follow:
1. The columnar structure growing in the direction of the maximum thermal gradient dominated at the middle height of the sample, whereas in last deposited layers the cellular structure dominates. 2. By increasing the distance from the substrate, the PCAS values monotonously increases. However, within the last deposited layers, suddenly the level of PCAS drops because of the changes occurred in the cooling mechanisms at such location. This is strictly related to cooling rate that, by increasing the deposition height, decreases from 2.2 × 10 4 to 6 × 10 3 K/s and finally in the last deposited layers, due to the marked contribution of radiation in the cooling, it increases again to 1.4 × 10 4 K/s. 3. AISI 316L samples produced using fresh and recycled powders behave drastically different, especially in terms of elongation, that reduces by more than 50% when recycled powder is used for samples fabrication. 4. The large variation in the strain-to-fracture observed in the two different sets of samples produced by recycled and fresh powder is attributed to the presence of large inclusions like oxides rich in Mn and Si with 7-15 μm in diameter. Such inclusions are observed also in samples produced using fresh powders, but their frequency and size is incredibly lower. 5. The higher mechanical strength of DED samples in comparison with the samples produced by the conventional methods such as casting and forging is attributed to the finer microstructure and final phase composition of DED samples that forms as a consequence of fast cooling during the production (10 3 -10 4 K/s).
